In this paper, multiple discharge phenomena in electrical discharge machining were observed directly through a transparent electrode using a high speed video camera. Multiple discharges occurred with a probability of about 2% in a steady state of normal sinking EDM. The probability was high when the gap width between electrodes was narrowed by the servo feed control and where debris particles were densely-distributed. Moreover, we investigated the change in gap voltage and discharge current waveforms and relative distance between the locations of consecutive discharges, when multiple discharges occurred.
INTRODUCTION
In EDM, it is considered that dielectric breakdown occurs at only one place during one pulse. However, it was reported that plural discharge points can be formed during one pulse when at least one of the electrodes is made of high-resistance materials 1) . As an application of this phenomenon, Mohri et al. 2) used silicon, high-resistance material, as the tool electrode material to obtain smoother surface finish of large areas. Using this method, crater size was decreased and surface roughness and processing speed were improved. In these researches, special materials with high-resistivity were used to generate multiple discharges intentionally.
On the other hand, it has been reported that multiple discharge can even occur using normal electrodes made of high conductivity materials. In order to detect multiple discharges, Kojima et al. 3) and Hayakawa et al. 4) used twin tool electrodes which were connected to the pulse generator in parallel, and measured the current flowing through each tool electrode. They found that discharge can occur simultaneously on both tool electrodes which were made of high conductivity materials. Since the probability of multiple discharge increased with increasing the machining speed, it was considered that multiple discharge may occur at the points where debris particles are aligned in the electric field to form pillars of debris which may short-circuit the gap. However, it was difficult to detect the occurrence of multiple discharges which occurred on the surface of the same tool electrode.
Hence, it is important to know accurately the relationship between multiple discharge phenomena and the gap conditions: debris particles distribution and gap width. In recent years, Kitamura et al. 5) directly observed the gap phenomena using SiC single crystal wafers which are electrically conductive and optically transparent. Hence, in this study, sinking EDM gap phenomena were directly observed using the SiC single crystal and zinc as cathode and anode materials, respectively. For ease of observation, zinc was used because its melting point and heat conductivity are comparatively low, generating significant amount of debris particles compared to other metals. Fig. 1 shows a schematic view of the experimental setup. In this experiment, SiC single crystal wafers (Nippon Steel & Sumikin Materials Co., Ltd.) of which specific resistance is comparable to graphite (0.013 ~ 0.025Ωcm) with 380µm in thickness and zinc plate of 5mm in thickness were used as cathode and anode, respectively, and discharge points were observed through SiC using a high-speed video camera. The high-speed video camera was MEMRECAM HX-3 color (nac Image Technology Inc.) with five million pixels and frame rate of 1.3 million frames per second at highest. The machining conditions used in the experiment are shown in Table  1 . Table 2 shows the high-speed video camera settings. To investigate the correlation between the gap image and the gap voltage and discharge current waveforms, the imaging gate signal which shows the timing of each image and the voltage and current waveforms were recorded by an oscilloscope. In addition, a displacement sensor was set on the work table to measure the feed position of the zinc electrode. The gap between SiC and zinc electrodes were set to 100µm at first. 1/20,000 Fig. 2 shows the multiple discharge image obtained using the high-speed video camera. The discharge area was 5mm×5mm, and the frame was taken after 693 consecutive pulse discharges from the start of machining. Since the exposure time (50μs) was shorter than the sum of the discharge duration and discharge interval (60μs), no more than one pulse discharge cycle can be captured in the same frame. From this experiment, it was concluded that multiple discharge can occur even with the combination of an electrode having a specific resistance nearly equal to graphite and ordinary metal electrode. The black haze area spreading in the upper right corner of the image is a cloud of debris. It is found that multiple discharges occur only in the area where debris particles exist densely.
EXPERIMENTAL METHODS
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CONDITIONS OF MULTIPLE DISCHARGE
Gap width
Since the gap width is considered to influence greatly the generation of multiple discharge, a displacement sensor was used to measure the feed distance of the zinc electrode. The position where the zinc electrode and the SiC electrode were made in contact was set to zero using the contact detector of the machine. Then, considering the rate of increasing the depth of removal of the zinc electrode, change in the gap width during processing was obtained as shown in Fig. 3 . The initial gap width at the beginning of machining was set to 0.1mm. Discharge started igniting when the gap width decreased to 30μm, where the machining time was set to 0s. Although jump flushing was not done in this experiment, it can be seen that the gap width is fluctuating around the average of 40μm due to the servo feed control in the steady state (t > 0.2s). The average gap width increased from t = 0 to 1 s, because debris particles started to be generated in the gap.
Then, from the video frames taken at the same time, the change in the probability of multiple discharge was obtained and shown in Fig. 4 together with the gap width change taken from Fig. 3 . The probability was calculated from 100 pulses sampled every 0.05 seconds for the machining time from 0 to 0.2s, and every 0.1 seconds for the machining time from 0.2 to 1.0s, and every one second during 1 to 6s. In this experiment, since the observed discharge points in one pulse were at most 4 points, the bar graphs in Fig. 4 show the probabilities of multiple discharges which occurred at 2 points, 3 points, and 4 points separately. In the transient state of machining from 0s to 0.15s, multiple discharges occurred with a high probability of about 50%. In the steady state after 0.2s, this probability decreased to 1.4%, in agreement with the result of 2% by Hayakawa et al. 4) . It is also found that the probability of multiple discharges increases when the gap width is narrowed due to the servo feed control in the steady state.
The reason why multiple discharge occurred with high probabilities in the beginning of machining until 0.15s is that debris existed densely in a limited area after discharge started suddenly in the gap narrower than the steady state with less asperities on the electrode surfaces. Since the servo feed control is not quick enough to widen the gap in a short response time, discharge is forced to occur locally where debris particles are densely existent. Furthermore, since it takes a certain time to spread debris throughout the processing surface, discharge locations are more concentrated near the starting point of discharge. Thus, debris concentration is intensified further. Meanwhile, after t = 0.15 s, distribution of debris concentration became uniform, thereby discharge locations were dispersed. In addition, the gap width was enlarged by the servo feed control. Then the probability of multiple discharge was reduced in the steady state. Fig. 4 Relationship between probability of multiple discharge and gap width
Probability of multiple discharge
Influences of three main machining conditions: discharge current, discharge duration and discharge interval on the probability of multiple discharge were investigated. Table 3 shows machining conditions setting. Other conditions were the same as those in Table 1 . Fig . 5 shows comparison results of the probability of multiple discharge with different pulse conditions. In this experiment, jump flushing of 50 mm/s in jump speed, 0.2s in duration and one second in interval was done. Fig. 5 shows the probability of multiple discharge from 800 discharges which were randomly chosen between 1.5 and 2.5s after the start of machining. Larger discharge current results in higher probability of multiple discharge. This is because the removal volume per pulse increased, and so the size and amount of debris particles existing in the gap increased as well. It was found that the probability of multiple discharge increases as the discharge interval is shortened, whereas no significant change can be seen by changing the discharge duration. This is because material removal at one pulse did not increase so much with increasing the discharge duration, while the number of discharge generation per unit time increased by shortening the discharge interval. 
DISCHARGE WAVEFORMS
Discharge voltage and current waveforms contain important information that reflect the discharge phenomena in the gap. In many electrical discharge machines, the discharge waveforms are monitored to distinguish the gap phenomena which cannot be seen directly, to control the pulse conditions adaptively to obtain higher machining speed and stability 6) . In this section, we investigated the discharge waveforms when multiple discharge occurred, and attempted to identify the discharge state from them.
First, discharge delay time td was compared between multiple and single discharges using the Laue plot 7) . The Laue plot shows the percentage of electric insulation that does not break down until time t after the supply of a pulse voltage. Given the number of ─ 55 ─ discharges generated N and the number of discharges which did not occur until time t after the open voltage is applied between the electrodes n, then n as a percentage of N can be expressed by:
where td,ave the average value of td , is given by: Fig. 6 shows the Laue plot of 1552 of multiple discharges and 248 of single discharges which were sampled during 0 to 6 seconds. The discharge delay time, which normally has a large scatter, can be evaluated from the slope td,ave based on Eq. (1). Thus, it was found that discharge delay time of multiple discharges is significantly short compared to the single discharges. Since multiple discharge is likely to occur when the dielectric breakdown strength is reduced, multiple discharge is accompanied with short discharge delay time in most cases.
Comparison results of discharge voltage and current between multiple and single discharges are shown in Fig. 7 and Fig. 8 , respectively. The thresholds with upper 70V and lower 40V limit were set, then the average discharge voltage between these thresholds of 100 sample discharges at each machining time was culculated in Fig. 7 . And average of peak discharge current was shown in Fig. 8 . Error bar is standard error of 100 sample discharges. With the multiple discharges, average discharge voltage was lower by 1.6V and the peak of the discharge current was larger by 0.15A than those of single discharges. This is because there are multiple current paths in parallel in the case of the multiple discharge.
DISCHARGE LOCATIONS OF MULTIPLE DISCHARGES
Kitamura et al. 8) investigated the correlation between the locations of consecutive discharges using transparent electrodes. They found that, when machining is stable, the probability of occurrence of ith discharge on the circumference of the bubble generated by the (i-1)th discharge is highest, because debris particles generated by the (i-1)th discharge pulse are distributed on the circumference 9) . Hence, the relative distances between the consecutive discharges when multiple discharges occurred were investigated under the conditions of Table 1 . Fig. 9 shows the correlation among the discharge locations of the (i-1)th discharge, which is single, and ith discharge, which is multiple. P1 is one of the discharge locations due to the multiple discharges which is closest to the previous discharge, and P2 is the one which is farthest. Here, the distances from the previous discharge point to P1 and P2 are defined as r1 and r2, respectively. Fig. 10 shows histograms of the distances, r1 and r2. As shown in Fig. 10 (a) , the frequency that P1 was on the previous discharge point was highest. This means that one of the multiple discharges occurred in most cases at the same point as the previous discharge. On the other hand, Fig.10 (b) shows that P2 was distanced by about 0.8mm from the previous discharge point. Under the experimental conditions used in the present work, it was directly observed by Kitamura et al. 10) that the bubble generated by discharge shows an oscillating motion and that its minimum and maximum diameter is about 0.5mm and 2.8mm, respectively.
Thus, it was found that multiple discharges occur most likely on the previous discharge point, where the temperature is still high, and on the circumference of the bubble generated by the previous discharge, where debris particles are existing thickly. 
CONCLUSIONS
From the direct observation of multiple discharges using a transparent electrode, the following findings were obtained.
(1) Multiple discharge occurred more often in the beginning of process. This is because debris is generated newly in the narrow gap without surface irregularities, and debris concentration is temporarily localized. (2) In the steady state, the probability of occurrence of multiple discharge increased when the gap width was narrowed due to the servo feed control. However, the probability was 1.4% at the highest. (3) Most of multiple discharges occurred almost immediately when the open voltage was applied to the gap, with smaller discharge voltage and larger discharge current compared to single discharges. (4) Multiple discharges occurred most likely at the same location as the previous discharge, and on the circumference of the bubble generated by the previous discharge.
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